We calculate the nuclear inclusive and diffractive cross sections for heavy quark photoproduction within a phenomenological saturation approach. The nuclear cross section is obtained by the extension of the saturation model through Glauber-Gribov formalism. We predict large nuclear heavy quark cross sections at LHC energies.
Introduction
During the last years the study of high gluon density effects at high energy (small x) has become an increasingly active subject of research, both from experimental and theoretical points of view. In particular, it has been observed that the ep deep inelastic scattering (DIS) data at low x [1] can be successfully described with the help of the saturation model [2] , which incorporates the main characteristics of the high density QCD approaches [3, 4, 5] . In the high energy regime, the growth of parton distributions should saturate, possibly forming a color glass condensate [5] (For a pedagogical presentation see Refs. [6, 7] ), which is characterized by a bulk momentum scale Q s . If the saturation scale is larger than the QCD scale Λ QCD , then this regime can be studied using weak coupling methods. The magnitude of Q s is associated to the behavior of the gluon distribution at high energies, and some estimates has been obtained. In general, the predictions are Q s ∼ 1 GeV at HERA/RHIC and Q s ∼ 2 − 3 GeV at LHC [8, 9] .
In the phenomenological analysis presented in Refs. [2, 10] , the critical line which marks the transition to the saturation regime is smaller than 1 GeV 2 , with larger values predicted only for the next generation of ep colliders. However, deep inelastic scattering on nuclei gives us a new possibility to reach high-density QCD phase without requiring extremely low values of x. The nucleus in this process serves as an amplifier for nonlinear phenomena expected in QCD at small x, obtaining at the accessible energies at HERA and RHIC with an eA collider the parton densities which would be probed only at energies comparable to LHC energies with an ep collider. In order to understand this expectation and estimate the kinematic region where the high densities effects should be present, we can analyze the behavior of the function κ(x, Q 2 ) ≡ 3π 2 αs
, which represents the probability of gluon-gluon interaction inside the parton cascade, and also is denoted the packing factor of partons in a parton cascade. Considering that the condition κ = 1 specifies the critical line, which separates between the linear (low parton density) regime κ ≪ 1 and the high density regime κ ≫ 1, we can define the saturation momentum scale Q s given by 1
below which the gluon density reaches its maximum value (saturates). At any value of x there is a value of Q 2 = Q 2 s (x) in which the gluonic density reaches a sufficiently high value that the number of partons stops to rise. This scale depends on the energy of the process
3)] and on the atomic number of the colliding nuclei [R
, with the saturation scale for nuclear targets larger than for nucleon ones. Therefore, we expect that the saturation effects should be manifest in nuclear collisions. Recently, a phenomenological analysis of the multiplicity distributions of produced particles in heavy ion collisions at RHIC, considering the saturation of the nuclear wavefunction, reproduce the experimental data very well [13] . However, the current situation is not unambiguous, since other approaches which do not assume saturation also describe the same set of data. This result motivates more extensive studies of nuclear collisions and, in particular, of electron-nucleus collisions at high energies, where the number of other medium effects is reduced in comparison with AA collisions. Recently, some authors [12, 14, 15] have addressed this subject with particular emphasis in the behavior of the nuclear structure functions (For previous studies see e.g. Refs. [4, 16, 17, 18] ), obtaining predictions which agree with the scarce experimental data. Since these models rely in different assumptions, more accurate experimental results for the nuclear structure function in a large kinematical region are necessary to probe the high density dynamics. However, these results compelling us to suggest further measurements in electron-nuclei interactions.
Our goal in this paper is to investigate the high energy heavy quark photoproduction on nuclei targets using the saturation hypothesis. The nuclear photoproduction has been recently studied in Ref. [19] , obtaining a quite reasonable description of the experimental data, but the specific topic of heavy quark production was not addressed in that analysis. It is important to emphasize that for heavy quark production the predictions are not dependent of the hypothesis for the soft region (e.g. the values of the light quark masses). Here we study the nuclear photoproduction of heavy quarks considering the approach proposed in Ref. [12] , which is simpler, gives an equally reasonable agreement with nuclear data than other approaches, and is associated with a model which gives a good description of inclusive and diffractive ep experimental data. A detailed comparison between the distinct saturation approaches for the nuclear case will be presented in a separated publication [20] . This paper is organized as follows. In the next section we present a brief review of the saturation model for the nucleon and nuclear case, and the dipole nuclear cross section is analyzed. Section 3 presents our predictions for the energy and atomic number dependence of the heavy quark photoproduction cross section, as well as a detailed analysis of the overlap functions, which allow us to verify what is mean dipole size that contributes for this process. As a by product, in Section 4 the diffractive production of heavy quarks in photonuclear collisions is also considered in the saturation model. Finally, in Section 5 we summarize our conclusions.
Nuclear cross sections in a saturation model
In this section we shortly review the main concepts and formulae of the saturation model which is based on the color dipole approach. The latter gives a simple unified picture of inclusive and diffractive processes which provides a large phenomenology on DIS regime. In this approach, the scattering process can be seen in the target rest frame as a succession in time of three factorizable subprocesses: i) the photon fluctuates in a quark-antiquark pair, ii) this color dipole interacts with the target and, iii) the quark pair annihilates in a virtual photon. Using as kinematic variables the γ * N c.m.s. energy squared s = W 2 = (p + q) 2 , where p and q are the target and the photon momenta, respectively, the photon virtuality squared Q 2 = −q 2 and the Bjorken variable x = Q 2 /(W 2 + Q 2 ), the corresponding total cross section reads as [21, 2] 
where
are the squared photon wave function for transverse (T ) and longitudinal (L) photons, respectively. The variable r defines the relative transverse separation of the pair (dipole) and z (1 − z) is the longitudinal momentum fractions of the quark (antiquark). The auxiliary variable For electron-proton interactions, the dipole cross section σ p dip , describing the dipole-proton interaction is substantially affected by non-perturbative content. There are several phenomenological implementations for this quantity [22] . The main feature of these approaches is to be able to match the soft (low Q 2 ) and hard (large Q 2 ) regimes in an unified way. In the present work we follow the quite successful saturation model [2] , which interpolates between the small and large dipole configurations, providing color transparency behavior, σ dip ∼ r 2 , as r → 0 and constant behavior, σ dip ∼ σ 0 , at large dipole separations. The parameters of the model have been obtained from an adjustment to small x HERA data. Its parameter-free application to diffractive DIS has been also quite successful [2] as well as its extension to virtual Compton scattering [23] , vector meson production [24] and two-photon collisions [25] . The parameterization for the dipole cross section takes the eikonal-like form,
where the saturation scale Q 2 s defines the onset of the saturation phenomenon, which depends on energy. The parameters were obtained from a fit to the HERA data producing σ 0 = 23.03 (29.12) mb, λ = 0.288 (0.277) and x 0 = 3.04 · 10 −4 (0.41 · 10 −4 ) for a 3-flavor (4flavor) analysis [2] (See Refs. [10, 15] for improvements of this model). An additional parameter is the effective light quark mass, m f = 0.14 GeV, consistent with the pion mass. It should be notice that the quark mass plays the role of a regulator for the photoproduction (Q 2 = 0) cross section. The light quark mass is one of the non-perturbative inputs in the model. The charm quark mass is considered to be m c = 1.5 GeV. A smooth transition to the photoproduction limit is obtained with a modification of the Bjorken variable as,
The saturation model is suitable in the region below x = 0.01 and the large x limit needs still a consistent treatment. Making use of the dimensional-cutting rules, here we supplement the dipole cross section, Eq. (5), with a threshold factor (1 − x) n thres , taking n thres = 5 for a 3-flavor analysis and n thres = 7 for a 4-flavor one. This procedure ensures consistent description of heavy quark production at the fixed target data [26] .
Let us discuss the extension of the saturation model for the photon-nucleus interactions. Here, we follow the simple procedure proposed in Ref. [12] , which consists of an extension to nuclei, using the Glauber-Gribov picture [27] , of the saturation model discussed above, without any new parameter (For similar approaches see e.g. Refs. [4, 28] ). There, the nuclear version is obtained replacing the dipole-nucleon cross section in Eq. (2) by the nuclear one,
where b is the impact parameter of the center of the dipole relative to the center of the nucleus and the integrand gives the total dipole-nucleus cross section for a fixed impact parameter. The nuclear profile function is labelled by T A (b), which will be obtained from a 3-parameter Fermi distribution for the nuclear density [29] . (e.g. Pomeron loops) and a more general approach for the high density (saturation) regime must be considered. However, we believe that this approach allow us to obtain lower limits of the high density effects in the RHIC and LHC kinematic range. Therefore, at first glance, the region of applicability of this model should be at small values of x, i.e. large coherence length, and for not too high values of virtualities, where the implementation of the DGLAP evolution should be required. Therefore, the approach is quite suitable for the analysis of heavy quark photoproduction in the RHIC and LHC kinematical ranges.
In order to investigate the dependence of the nuclear dipole cross section on the dipole size, in Fig. 1 are shown our results for σ A dip as a function of the dipole size at two fixed values of x. We have select different nuclei A = D, Ca and Pb as well the proton case at x = 10 −2 and x = 10 −5 , with the dipole cross section normalized to A. The behavior on r is the same as the proton case, saturating at large values of r. At small dipole sizes the result is almost independent of A, whereas at large dipole sizes the nuclear suppression is quite substantial and dependent on A. For instance, the reduction in the overall normalization reaches to a factor about 3 for lead in comparison with the nucleon case at small x. This result has sizeable consequences on processes where the large dipole contribution is important, for example in the transversal component of F A 2 and diffractive production of light quarks. For heavy quarks, the situation is different since the corresponding wave functions selects mostly small dipoles configurations, as we will show later on. Having addressed the main concepts and definitions, in the next section one presents our results for the heavy quark production within the color dipole picture supplemented by the saturation model discussed above. Here, we will focus on photoproduction of charm and bottom in the kinematical range relevant to RHIC and LHC.
Nuclear heavy quark photoproduction
In this section we compute the nuclear cross section for the photoproduction of charm and bottom quarks. In this case the nonperturbative input associated to the light quark mass is avoided and we are left with the hard scale given by the heavy quark masses. Here, the following values are taken into account, m c = 1.5 GeV and m b = 4.5 GeV, to be consistent with the previous analysis using the saturation model in the nucleon case. Notice that the use of a different choice implies in a distinct overall normalization in the final result.
The cross section for heavy quark photoproduction on nuclei targets is given by Before to present our results for energy dependence of the cross section, we can investigate the mean dipole size dominating the nuclear heavy quark photoproduction. We define the photon-nucleus overlap function which reads as,
In Fig. 2 are shown the overlap function for the charm and bottom production as a function of dipole size. They are computed for lead nucleus and for different x. In the charm case, the distribution is peaked at approximately r = 0.1 fm, whereas for the bottom case this value is shifted to r = 0.05 fm, which agree with the theoretical expectation that thepairs have a typical transverse size ≈ 1/m f [28] . Therefore, the main contribution to the cross section comes from the small dipole sizes, i. e. from the perturbative regime. In contrast, for light quarks a broader r distribution is obtained, peaked for large values of the pair separation, implying that nonperturbative contributions cannot be disregarded in that case. For sake of illustration, the transition region between perturbative and nonperturbative regimes ranges at Q 2 ∼ 1/r 2 ≃ 1 GeV 2 , which means perturbative domain for r ≤ 0.2 − 0.4 fm. Concerning the high density effects, its value is more sizeable at large dipole configurations (See Fig. 1 ), meaning that for heavy quark photoproduction we should expect that the associated modifications will be small.
In Fig. 3 are shown the results for the charm and bottom photoproduction cross section as a function of energy for different nuclei, including the proton case. The results present mild growth on W at high energies stemming from the saturation model, whereas the low energy region is consistently described through the threshold factor. Their absolute values are rather large, reaching ≈ 2 · 10 3 and ≈ 40 µb for charm and bottom for lead at W = 10 3 GeV. It is important to emphasize that our results agree with the predictions obtained in the Ref. [30] , where the heavy flavor leptoproduction off the nucleus has been addressed considering an approach which resums the fan diagrams of BFKL pomerons, with initial condition for the evolution at x = 0.01 given by the Eq. (5) . A checking of the saturation model for the proton case can be found in Ref. [26] and a comparison with other approaches in Ref. [20] .
As expected from the discussion in the previous paragraph, the nuclear cross sections can be reasonably approximated by A times the nucleon cross section (Color transparency) [31] , since the process is dominated by the scattering of small size dipoles. This result is consistent with the behavior of the dipole cross section presented in Fig. 1 , where we have seen that sizeable nuclear effects are only important at large dipole sizes.
Here, an additional issue should be addressed. The dipole-nucleon cross section resumes higher twist contributions and also ensures the unitarity requirements, producing a constant value at large r. In order to investigate the effects of this resummation in the dipole-nucleus cross section, we show in Fig. 4 (a) our results for the nuclear photoproduction cross section considering as input the full dipole-nucleon cross section (solid lines), Eq. (5), and only the leading term in the expansion of σ p dip (dot-dashed lines). They were computed for charm quark and considering the calcium and lead nuclei. The effect is almost negligible for light nucleus, whereas it is more sizeable for heavy ones at high energies. This result demonstrate that nuclear heavy quark production is not sensible to the assumption of a saturated nucleon. In contrast, the behavior of the nuclear structure function depends of the saturation effects at the nucleon level, as shown in Ref. [18] .
Diffractive photoproduction of heavy quarks
Let us now to compute the diffrative production of heavy quarks. This process was analyzed for ep collisions in Refs. [32, 33, 34] . In terms of the S matrix at a given impact parameter of the collision, S(b), the total and elastic cross sections for the deep inelastic scattering on a nucleus are given by [35] 
which demonstrate how easily the elastic and total cross sections could be obtained from one another. Identifying 1−S(b) with the expression within the brackets in Eq. (8) and considering that diffraction of the photon on the target can be thought as an elastic scattering of each dipole off the nucleus, we obtain that the nuclear diffractive cross section is
For heavy quark photoproduction we have that only the transverse polarization contributes and the wave function is dependent of the heavy quark masses.
Similar analysis of mean size dipole dominance can be made for the diffractive case. Introducing the the diffractive overlap function defined by
in Fig. 5 we present our results for the r dependence of this function for different values of x and A = P b. We can see that the distribution is broader and its maximum is shifted to large values of r in comparison with the inclusive case. This result is expected since the diffractive production has a large amount of nonperturbative contributions. However, similarly to the inclusive case, the mean size dipole occur in the perturbative regime, with the large distance still strongly suppressed.
In Fig. 6 are shown the results for the charm and bottom diffractive cross section as a function of energy for different nuclei. The values at high energies are sizeable, reaching to 250 µb and 0.8 µb for charm and bottom production, considering lead at W = 10 3 GeV. These values are in agreement with a 10% contribution from diffractive scattering to the total cross section observed in photon-nucleon reactions. Concerning the dependence on A, the results present an approximate behavior σ Dif f ≃ A 4/3 , as expected for the interaction of small dipoles with the nucleus [36, 37] . We also have checked the diffractive production of heavy quarks for the proton case, with a cross section of order 100 nb at W = 200 GeV for diffractive open charm production, being consistent with previous theoretical estimates [34] . There, it was found a value of 60 nb at the same energy in the photoproduction case. A more detailed analysis for the proton case should be addressed elsewhere.
Finally, in Fig. 4 (b) we analyze the dependence of the diffractive nuclear cross section in considering or not a saturated proton, namely saturation effects in the nucleon level. We can see that while for a light nuclei the cross section is not sensible to the assumption of a saturated nucleon, for a heavy nuclei the result differs by about 20%. Therefore, the analysis of the diffractive cross section can be useful to constraint the nucleon dynamics. 
Summary and Conclusions
In this paper we have calculated the nuclear inclusive and diffractive cross sections for heavy quark photoproduction within a phenomenological saturation model. In such model the nuclear cross section is obtained through the Glauber-Gribov formalism. Since it describes reasonably the experimental data for the nuclear structure function, we are confident to extend this model for the nuclear heavy quark photoproduction case. Moreover, it is simple and relies on a model which gives a good description of inclusive and diffractive ep experimental data. This model should be valid until the full non-linear evolution effects become of importance, which implies the consideration of the Pomeron loops beyond the multiple scattering on single nucleons estimated in the present framework. We have verified that the main contribution of the high density effects occur for large pair separation, while for dipoles of small size they are almost negligible. We have investigated the mean dipole size dominance and have verified that the heavy quark cross section is dominated for small dipole configuration, in contrast with the light quark case. Consequently, we have that the nuclear heavy quark production is not strongly modified by the high density effects. We predict absolute values for the cross section rather large, being about 2 mb and 0.4 mb for charm and bottom, respectively, for lead and W = 1 TeV. These values are similar with those resulting from the resummation of the fan diagrams of BFKL pomerons. Furthermore, we have computed the diffractive nuclear photoproduction of heavy quarks. This quantity is more sensitive to the nonperturbative sector, corresponding a larger dipole sizes. This means that the cross section is dominate by larger dipole configurations than in the inclusive case. The results take values about 250 µb and 0.8 µb for charm and bottom for lead at W = 1 TeV. Concerning the A-dependence, we have found a behavior proportional to A and A 4/3 for the inclusive and diffractive cross sections, respectively, in agreement with theoretical expectations associated to the color transparency regime. 
